Abstract: Renewable energy (RE) production promotes the efficient and sustainable utilization of natural resources at the local level. This study assessed smallholder farmers' perceptions of RE production in two villages in West Bengal, India. The availability and potential of renewable resources and livelihood characteristics of smallholders were explored. Relevant factors for the selection of appropriate RE technologies were identified, based on the participatory, bottom-up Integrated Renewable Energy Potential Assessment. The research area has abundant solar resources and substantial amounts of organic residues and waste suitable for biodigestion. Important factors for RE technology selection, as stated by farmers, are: ease of daily activities, government support, and limited land requirements. Solar-photovoltaic (PV) systems providing sufficient electricity for household use and irrigation are considered the most appropriate. Key informants focus on initial investment costs, government support, and reduced energy expenditure. They favor solar-PV systems for household electrification. Second choice was an integrated food and energy system that combines solar-PV for irrigation and vermicomposting of organic residues/wastes for fertilizer production. Smallholder famers' motivation to produce and use RE is high. Their perspective should be integrated in the design of RE-supporting policies and related programs to utilize local natural resources effectively and promote the transition towards renewable energy.
Introduction
Affordable renewable energy (RE) and higher energy efficiency are the key drivers for a global transition towards sustainable, low-carbon energy systems, as postulated at the 21st Conference of the Parties of the United Nations Framework Convention on Climate Change (UNFCCC) [1] .
The highest renewable energy potentials (REP) exist in rural areas of Latin America, Asia, and Africa [2] . In these areas, smallholder farmers typically manage 80% of the land area and natural resources [3] , while access to modern and clean energy is often limited [4] . Smallholder farmers could produce sustainable energy that is economic efficient and environmentally sound by utilizing these REP.
India has been described as the "home of small and marginal farms" [5] (p. 1), with about half the population being directly engaged in agriculture [6] . Indian agriculture is currently facing has been a shift towards the cultivation of fruit, vegetables, and flowers, as these provide higher revenues [23] . Based on these local characteristics, the area provides a suitable setting to assess the potential of smallholder RE production. Research was conducted from January to March 2015 in the two rural villages, Ghoragachha and Baikunthapur, in collaboration with the Department of Agricultural Extension of the State Agricultural University Bidhan Chandra Krishi Vishwavidyalaya (BCKV, Mohanpur, WB, India) under the Indian Council of Agricultural Research.
Ghoragachha
Location: Chakdaha Block of the Nadia District (88.31 • E; 22.58 • N). Population: 1830 inhabitants in 134 households. The population (100% Muslim) is defined as "minority" in the official classification of the Indian population. The vast majority are smallholder farmers. Only 44 inhabitants are engaged in other jobs (e.g., embroidery, government sector). All households are connected to the grid [25] .
Area size: 2825 acres (11.43 km 2 ), about 2000 acres agricultural land, 20 acres water bodies used for fish farming, the remaining area is residential [25] .
Access to the village was facilitated through the Department of Agricultural Extension (BCKV, Mohanpur, WB, India), frequently organizing workshops about the introduction of new farming practices and technologies (fertilizers, pesticides, machinery). Thus, farmers were familiar with household interviews and technology evaluation. They willingly shared information about their livelihoods and perceptions regarding RET often engaging in open and critical discussions.
Baikunthapur
Location: Amdanga Block of the North Twenty Four Parganas District (88.32 • E; 22.55 • N), about 25 km south of Ghoragachha.
Population: 2940 inhabitants in 263 households, mainly belonging to the Hindu caste of Vaishyas. Most farmers have additional sources of income besides agriculture. Along the main road, there are 31 handicraft workshops, mainly carpentry and metal-work, and also a few agro-processing and Sheetal Pati (cool mat) weaving enterprises [26] . The village is connected to the grid [26] , except for the poorest farming households on the outskirts of the village, where research was conducted.
Area size: approx. 700 acres (2.83 km 2 ), 550 acres farmland, 6 acres lakes, and residential area on the remaining land [26] .
The additional interviews at Baikunthapur showed that the activities of the Department of Agricultural Extension from BCKV have not influenced the perceptions of the smallholders in Ghoragachha towards RE production. The Baikunthapur farmers willingly shared information about their livelihoods. The farmer livelihoods in both villages are very similar.
Integrated Renewable Energy Potential Assessment (IREPA)
IREPA is a participatory, bottom-up approach to REP assessment and appropriate RET selection in smallholder farming systems of developing and emerging economies. It integrates the biophysical perspective of natural science (RR assessment), the socio-cultural perspective of social science (smallholders' livelihoods), and the techno-economic perspective of energy engineering (RET planning) in an inter-and transdisciplinary approach. IREPA was previously tested in a rural area of South Africa [20] and adapted to this specific context, applying the following steps:
•
Step 1: Contact with Research Area and Preliminary Data Assessment
Access to the two villages was facilitated by the Department of Agricultural Extension of the BCKV. Further, it was possible to draw on geographic, agro-ecological, and socio-demographic profiles and statistics from the Directorate of Micro, Small, and Medium Enterprises of the Government of West Bengal [25, 26] .
Step 2: Theoretical Renewable Energy Potential (ThREP) Assessment
The bio-physical RR availability of solar, wind, hydro, geothermal, and bioenergy was assessed according to the REP categories defined by [9, 27] . The RR data were obtained from international and national databases and scientific literature (Table 1) . •
Step 3: Household and Community Assessment
Multiple participatory research methods [33] were applied to explore the household characteristics and the structure of the two villages ( Interviews, transect walks, and participant observations were always accompanied by one of the three students from BCKV, who translated from Bengali into English and vice versa. The information obtained was transcribed and coded to allow categorization, generalization, and interpretation [35] (p. 184ff). Subsequently, the information was cross-checked and triangulated with data from secondary sources listed in Table 2 and the key informants from BCKV. Quantitative data were processed using MSO Excel 2007, performing descriptive statistics to calculate percentages, averages, quantiles and ranges (min-max) [35] .
The results were structured using the SLF, characterizing people's livelihoods based on five categories of Livelihood Assets (human, social, physical, natural, and financial). These are influenced by the external environment, which in turn affects the wider availability of assets, and circumstances people have to cope with, such as natural disasters, financial crises, seasonality, and others (Vulnerability Context); institutions, organizations, policies, and legislation (Transforming Structures and Processes); and the strategies adopted to achieve certain Livelihood Outcomes (Livelihood Strategies) [34] .
These results were then categorized according to relevant social, institutional, environmental, technical, and economic factors, regarded as local RET sustainability criteria. Eight criteria were derived that determine the requirements for an RET to be appropriate in this specific local context. Not more than nine criteria should be employed in the Analytical Hierarchy Process (AHP) (Step 6) to keep execution manageable and increase consistency of results [32] .
Biomass resources available for energy production (and cultivation areas) were explored at individual farm level. Local yield levels were obtained through household interviews supplemented by FAOSTAT data [36] .
Step 4a: Geographical Renewable Energy Potential (GREP)
The GREP determines the suitability of land areas for RE generation based on bio-physical RR data including temporal patterns [9, 27] . Local RR power densities were evaluated based on threshold values for technical utilization. Average solar irradiance at ground level should be at least 120 W m −2 [27] . For wind energy, the average wind speed needs to exceed 4 m s −1 at 10 m hub height [7] . Power densities below these threshold values were excluded from the assessment. For hydro energy, the proximity of a river and its accessibility for smallholders was evaluated. For geothermal energy, the availability of easily accessible geothermal sources (e.g., hot springs) was assessed. The type, amount, and availability of the biomass resources obtained in IREPA Step 3 were analyzed. Only biomass residues or wastes without alternative uses, such as animal feed, were considered for energy production. The potential bioenergy output was estimated based on average values of residue-to-product ratios, energy content and biogas yields obtained from the literature (see Section 3.2.5).
•
Step 4b: Technical Renewable Energy Potential (TREP)
The availability of suitable areas (and biomass residues and wastes) for RET installation was evaluated based on the local RET sustainability criteria (IREPA Step 3). Then, the conversion efficiencies of locally available RET were factored in [9, 27] .
Step 5: RET Pre-selection and Energy System Design Locally appropriate RET were pre-selected based on the TREP and the local RET sustainability criteria (IREPA Step 3), applying a cradle-to-grave value chain perspective for RE generation. Four RETs were proposed and planned by the researcher, taking available materials and technology devices into account, including their costs and operation and maintenance (O&M) requirements.
Step 6: Energy system impact assessment Local appropriateness of the proposed RETs was assessed by applying two multi-criteria decision analysis (MCDA) methods with local participants: an adapted Analytical Hierarchy Process (aAHP) [37] and the Simple Multi-Attribute Rating Technique (SMART) [38] . The local RET sustainability criteria served as selection criteria in both MCDA methods.
The AHP is the most frequently used MCDA method in sustainable energy decision-making [12] . This descriptive method allows stakeholders (e.g., smallholder farmers) to compare and rank a set of selection criteria and RET options, arranged in pairs, to identify the most appropriate technology. However, the application of the AHP was found to be time-consuming and in some cases too abstract for the smallholders interviewed in the South African IREPA case study [20] . Therefore, the standard AHP [12] was adapted by clustering the RET sustainability criteria based on qualitative similarities [39] into: (i) Overall benefits associated with RET implementation; (ii) Benefits associated with RET; (iii) Energy-use benefits; and (iv) Requirements for RET implementation. Criteria clustering reduces the number of pairwise comparisons and helps participants clarify their thoughts, while increasing feasibility of application and accuracy of results [39] . Seven of the farmers previously interviewed participated in the aAHP questionnaire. First, the local RET sustainability criteria were arranged in pairs. The farmers rated the importance of the two criteria against each other on a scale of 1 to 9 (1 = equal importance; 9 = absolute importance over the other). Second, each participant compared the proposed RETs, arranged in pairs, with each other, and with respect to each sustainability criterion. The pairwise comparisons allow the computation of a decision matrix. Based on these ratings, the eigenvector of (i) each sustainability criterion and (ii) each RET are calculated using common matrix algebra. This expresses the priority of each participant [37] . However, the farmers found the abstract nature of pairwise comparisons difficult and complained about the time-consuming procedure.
For this reason, SMART was applied with five previously interviewed key informants instead of aAHP. SMART is based on a straightforward ranking of criteria and RET. First, the RET sustainability criteria were rated on a scale of 1-100, assigning the most important criterion the highest score, the second-most important criterion the second-highest score, and so on. Then, the four RETs were evaluated based on their performance/compliance with each RET sustainability criterion, assigning the highest score (1-100) to the best-performing/complying RET, the second highest score to the second best-performing/complying RET, and so on. Thus SMART is easier and less time-consuming to apply, as scores are directly assigned to each criterion and to each RET option [38] . Finally, the rankings obtained from aAHP and SMART revealed the most appropriate RET, at village level (taking the average results of all rankings) or at household level (taking the ranking of an individual farmer).
Differentiation between farmers' and key informants' rankings allowed a comparison of viewpoints based on personal situation between insiders (farmers) and outsiders (key informants).
Step 7: Participatory decision-making process Once IREPA has been applied, all stakeholders concerned (local smallholders, government bodies, companies and non-governmental organizations) should have comprehensive information at hand. If an RE project is to be realized, these stakeholders should be able to select locally appropriate RET with a high chance of successful implementation.
Results

Locally Relevant Factors for RET Selection
Interviews revealed that smallholder livelihood assets comprise: favorable agro-ecological conditions (natural capital); agricultural skills, knowledge, and openness to innovation (human capital); availability of agricultural extension services and governmental support through the block development offices (social capital); and access to productive resources and agricultural inputs (physical capital) (Figure 1 ). These assets result in high crop productivity (livelihood outcome). For example, the average paddy rice yield of 4.66 tons per hectare was found to be above the Indian average of 4.03 tons per hectare [36] .
Farmers reported various unfavorable conditions (vulnerability context). Changes in weather patterns (temperature increase and rainfall decrease) experienced in recent years during the period January to April negatively affect winter crop (Rabi) productivity, increase irrigation demand (including energy expenditure) and cause temporal water insecurity. Older farmers reported declining soil fertility attributed to high cropping intensity (up to three crops annually). Use of fertilizers and pesticides has increased (and are necessary) to maintain crop yields, posing a major threat to farms' financial viability, exacerbated by rising prices for these inputs, and to the environment. Alternatives to synthetic fertilizers and pesticides are not offered by agricultural extension services, which are largely dependent and influenced by agrochemical companies. They advertise their products as part of agricultural trainings. The low social status of farmers in the caste system, high levels of corruption, and bureaucratic hurdles (e.g., time-consuming application for agricultural credits) hamper farm development, e.g., the shift from paddy rice towards less irrigation-intensive orchards. Market prices are dictated by middlemen (e.g., retailers), who also intervene in agricultural credit and subsidy applications. Smallholder farming is gridlocked in a situation of socio-economic dependence and negatively affected by agro-ecological and agro-economic circumstances. Two Baikunthapur farmers interviewed were considering quitting farming and migrating to Kolkata due to their inability to sustain their households from farming and the lack of alternative employment in the weak local economy.
Farm development and support is instigated by centralized government incentives and implemented by local Block Development Offices, private companies, and state banks. Individual incentives and bottom-up development are limited to the communication of suggestions for improvement to the Block Development Offices or the local government (Panchayati Ray).
Farmers' assets, their vulnerability conditions, and the transforming structures and processes determine the livelihood strategies they adopt. The implementation of RET can have beneficial livelihood outcomes for the concerned farmers.
Eight locally relevant factors for RET selection, derived from interviews, are summarized below.
Environmental Conservation
Concerns about the environment were expressed by about half the farmers interviewed. These include changes in local climate, declining soil fertility, waste disposal, and air pollution ( Figure 2 ). "When I was a child, nature was pollution free. Now it is polluted. Winter became less and lesser and has higher temperatures" (male farmer, 38 years.). Ninety percent of the farmers expressed concerns about changes in local climate. A statistically significant increase in minimum and maximum temperatures has been reported throughout India, as well as a non-significant trend of decreasing precipitation in winter and the pre-monsoon season [40] . Decreasing water availability has been detrimental to smallholders' winter crop yield in recent years. Some farmers (28%) attribute negative impacts on the environment to the use of energy sources, for example soot and dust from firewood and CO 2 emissions from fossil fuels. These findings resulted in the local RET sustainability criterion: Conservation of the natural environment (biodiversity), natural resources (soil, water, air), and ecosystem services. 
Land Requirement for RET Installation
Virtually all land in both villages is utilized. Land possession is not equally distributed among the farms. On average, a farmer in Ghoragachha owns 0.76 ha (range: 0.13 to 1.3 ha), in Baikunthapur 0.85 ha (range: 0.4 to 2.43 ha). Figure 3 classifies farms according to land size, willingness to use farmland for RET installation, and farms already using RET (solar-photovoltaic (PV), biodigester, or both). The installation of RET is more likely on larger farms-only a few already use RETs. Early adopters of new technologies typically have a higher socio-economic status and own more resources (land, financial capital), enabling them to take the risks associated with new technologies [41] . The majority of farmers (82%) prefer growing food and feed crops on their land. The remaining farmers are only interested in combined food, feed, and fuel production if it increases revenues.
Most farmers (93%) are willing to use roof areas for solar-PV and yard areas for small biogas systems. The resulting sustainability criterion is: Land requirements for RET installation including feedstock (production) for bioenergy.
Energy Security and Reliability
All farming households in both villages are grid-connected, except for the poorest households on the outskirts of Baikunthapur. Frequent power cuts in the pre-monsoon and monsoon period lead to an insecure electricity supply. This had already motivated six farmers to install solar-PV systems. For cooking, however, the majority of households (89%) rely on traditional biofuels (agricultural residues, cattle manure) (Table 3) , mainly because these are freely available on-farm. During the monsoon season, when biofuels become wet, LPG (and kerosene) is preferred for cooking. The households currently use diverse energy sources, adapted to seasonal availability, affordability, and reliability of supply. This resulted in the RET sustainability criterion: Secure and reliable energy supply that matches energy demand at times when energy is needed. All households in Ghoragachha consider themselves energy-secure. In Baikunthapur, 43% of households report an electricity deficiency, 29% lack energy for irrigation, transport, and processing. On average, a household consumes 101 kWh electricity, 10.6 kg LPG, and 366 kg traditional biofuels per month (Table 4) , accounting for 22% of monthly household expenditure. The farmers adapt their electricity and LPG consumption to affordability. For example most households (62%) use LPG for preparation of small morning and evening meals, while preparing the main meal on cheap traditional biofuels. However, no relationship was found between household income level and energy sources used. This choice is largely influenced by non-financial factors: on-farm availability of agricultural residues/cattle manure, seasonality and reliability of electricity supply, taste of food, and cooking time requirements. Most farmers associate the implementation of RETs with a reduction in energy expenditure ( Figure 4 ). This can be attributed to price increases for electricity (+22.2%), diesel (+9.7%), and LPG (+6%) from 2012/13 to 2013/14 [42] . The resulting RET sustainability criterion is: Reduction in energy expenditures considering the projected increase in fossil-resource prices. 
Government Support of RET
Several RE support programmes exist in India, e.g., the National Biogas and Manure Management Programme (NBMMP; launched in 1981) [43] and the Jawaharlal Nehru National Solar Mission Programme (JNNSMP; launched in 2012) [44] . The West Bengal Renewable Energy Development Agency (WBREDA, Kolkata, WB, India) coordinates these programmes at state level, while local Block Development Offices are responsible for RE implementation. The government provides financial support for initial investment through credits from state banks. Contracted private RE companies provide technical support in construction and O&M of RETs. Only 36% of interviewed farmers are aware of these RE support programmes, although the farmers regard partnerships (PTP) between government bodies, the private sector, and farmers the most viable strategy for RE introduction ( Figure 5 ). Several RETs have been installed through such programmes: in Baikunthapur, two biodigesters; in Ghoragachha, five biodigesters and six solar-PV systems. However, RE has since been withdrawn from the local development agenda. The Block Development Officer and the Agricultural Development Officer of Chakdaha stated: "(Currently) Trainings for farmers don't have RE aspects", (we) "now subsidize diesel for pumping (water), LPG for cooking and access to grid electricity" (personal communication, 27 February 2015) . Hence, current RE implementation is self-driven, based on individual applications for RE support programmes. Nevertheless, five farmers are planning to install a biodigester or solar-PV system. These findings lead to the RET sustainability criterion: Availability of and access to government support for installation as well as for operation and maintenance of RET. However, the investment costs of 26,000 INR (€ 370) are considered too high for such a small solar system. Other disadvantages reported include: lights become dim after three days without sun; other electrical appliances such as TV or mobile phone charger cannot be connected; and minor benefits that materialize in the distant future.
In the two villages, seven fixed-dome biodigesters (Deenabandhu-Type, fermenter volume 3 m 3 ) have been installed since the year 2000. The NBMMP granted a subsidy of 5000 INR towards the total investment costs of about 9000 INR (€ 130) [45] . The biogas yield of about 400 to 700 litres per day [46] is sufficient for the preparation of one meal for up to five people [47] .
The willingness to install RET is directly related to the initial investment and future (economic) benefits. These findings result in the RET sustainability criterion: Initial investment costs (affordability) and willingness to make a long-term investment with benefits materializing in future years.
Education and Development of New Skills
Technology-specific skills are required for O&M of RET. About half of the farmers are keen to learn new skills, agricultural and non-agricultural, in order to increase and diversify their income, while 41% are skilled in mechanics, carpentry, or construction. Extension services exist, in particular in Ghoragachha, providing information and training on new technologies and farming practices. The younger generation (<30 years) has a minimum of 8 years' schooling and increasing numbers of farmers' children attend university. The educational and skills background of the farmers is deemed suitable for RET O&M, while a technical-support infrastructure already exists for solar-PV and biodigesters. Further implementation of RETs will foster skills development among farmers and may in turn provide new employment and income opportunities in RET installation and O&M for those already skilled. This was taken up as an RET selection criterion: Education on RET installation, operation and maintenance to create new job and income opportunities.
Ease of Daily Activities
Currently, the farming households are striving after a modern lifestyle, altering energy use patterns. Televisions, smartphones, laptops, and internet access are part of daily life, requiring electricity. Thus, the majority of households (79%) are shifting towards electricity (including solar-PV) and LPG (including biogas) for cooking ( Figure 6 ). The use of LPG is motivated by: negative health impacts of traditional biofuels induced by indoor air pollution; blackening of interior walls and furniture; high workload of biofuel collection and processing; and time-consuming cooking procedures. Typical statements recorded are: "Women don't like using wood because of lifestyle" (male farmer, 32 years); and "I prefer LPG, it's quicker to cook" (woman, 22 years). By contrast, five households are not satisfied with modern energy sources: LPG smells and causes irritation of the eyes; kerosene reduces the lifespan of machinery (e.g., irrigation pumps); and electricity has frequent power cuts. Instead, firewood is preferred because it is freely available on-farm and "the taste of food cooked on chulhas is much better" (male farmer, 36 years.).
Five households are considering switching to RE as a more reliable source of electricity (solar-PV), or as a cheaper energy source for cooking (biogas). The ongoing transition and the arguments brought up by the farmers are summarized in the RET selection criterion: Ease of daily activities related to energy, in particular a reduction in time and labour burden for collection, processing, and utilization of traditional biomass sources, and reduction in adverse effects of energy carriers on user's health. [28] in the two villages is excellent for solar energy production. The total land area and 2108 annual sunshine hours [48] give a theoretical solar energy potential of 17.32 PJ a −1 and 4.29 PJ a −1 for Ghoragachha and Baikunthapur, respectively (Table 5 ). [31] ; ## data based on this study (see Table 6 ).
Renewable
Excluding areas unsuitable for solar energy (lakes, forest-covered land, roads, and pathways) reduces the geographical solar potential slightly to 17.16 PJ a −1 and 4.28 PJ a −1 , respectively ( Table 5 ). The selection of areas available for TREP assessment was based on farmers' opinions: 45% of farmers in Ghoragachha and 43% in Baikunthapur would be willing to use agricultural land for solar energy production. The majority of farmers would be willing to use the land area around their houses and the roof (Ghoragachha: 93%; Baikunthapur 83%). Taking an average efficiency of 12.2% for locally available polycrystalline solar panels [49] , the technically useable solar potential in Ghoragachha is 0.015 PJ a −1 and 0.003 PJ a −1 in Baikunthapur.
Wind Energy
Mean annual wind speed in the research area (1.93 m s −1 ) is below the threshold value of 4 m s −1 at 10m hub height and thus not technically useable for energy production [7] .
Hydroenergy
The research area is in close proximity to Hooghly River, a tributary of the Ganga. The Hooghly has an average discharge of about 40,000 m 3 s −1 [30] and embodies a theoretical hydroenergy potential of 12.3 PJ a −1 , but is inaccessible for smallholder farmers.
Geothermal Energy
West Bengal has considerable potential for geothermal energy with thermal springs at Bakreswar, located over the Sonata lineament. However, there are no thermal springs within the research area, situated about 200 km southeast of Bakreswar [32] .
Energy from Biomass
The net primary productivity (NPP) in the research area serves as an initial indicator of natural biomass growth and seasonal patterns. The NPP is highest (average 1.5 g C m −2 day −1 ) from September to February, after the monsoon. From March to August the average NPP is considerably lower (0.6 g C m −2 day −1 ), revealing a distinct seasonality in biomass growth [31] . The annual NPP results in a theoretical bioenergy potential at Ghoragachha of 0.16 PJ a −1 and at Baikunthapur of 0.04 PJ a −1 ( Table 5 ).
The majority of farmers (86% in both villages) prefer food crop production for subsistence and marketing. Dedicated energy crops, and therefore biofuels, are not considered a viable option. The local cropping system has three seasons: Kharif is the paddy rice season (monsoon crop); Rabi is the winter crop season for brinjal, chili, potato, onion, and cauliflower; and Zaid is the season for cucumber, bottle gourd, and ridge gourd. The majority of farms also have orchards with a variety of fruit trees such as ber (local apple), orange, and mango. The residues of these crops, as well as organic wastes and animal manure are suitable resources for biogas production. The amounts available were recorded in household interviews and used for assessing the geographical and technical bioenergy potential (Table 6 ). Availability of these biomass resources depends on their current utilisation ( Figure 7 ). The majority of households (89%) use dried crop residues, in particular fruit tree branches and lignified stems of brinjal, pepper, and chili plants, for cooking. Residues with lower lignin content are composted or fed to animals, for example rice husks (mixed with water) and rice straw.
As 71% of farms in Ghoragachha and 12% of farms in Baikunthapur do not keep cattle, the rice straw from these farms would be available for biogas production. Cattle manure is collected, one part is dried and burnt for cooking, and the rest is composted and used as organic fertilizer.
Organic household wastes are fed to goats and chicken, however, in Ghoragachha 62% and in Baikunthapur 25% of farmers do not use organic waste as feed, making the remaining potentially available for biodigestion. As goats and chicken roam around the houses freely, manure collection would be too time-consuming. Therefore, only cattle manure is considered in the estimation of potential biogas yield (Table 6 ). Farmers with a biodigester were advised to use cattle manure only as feedstock. However, in the past decade the number of cattle in the villages has decreased considerably because: (i) agriculture is being increasing mechanised; (ii) grazing patches have been converted to crops; (iii) the price of cattle feed has increased; and (iv) cattle smuggling to Bangladesh has increased domestic cattle prices [58] . As a result, three out of six biodigesters have been abandoned due to the lack of feedstock. Agricultural residues and organic wastes are suitable for biogas production and all farmers would be willing to use them as additional feedstock. For example, after our interview, one farmer re-started his recently abandoned biodigester with vegetable residues.
Biogas can replace traditional biofuels for cooking, and the digestate can substitute compost as organic fertilizer. Thus, organic residues and wastes used for cooking and composting are potentially available for biodigestion. In addition, the farmers signalled their willingness to use human excreta as biogas feedstock. One toilet-connected biodigester was already under construction.
This results in a potential biogas yield of 1431 m 3 per farm and year at Ghoragachha and 1510 m 3 at Baikunthapur, and an annual geographical biogas potential of 0.004 PJ for Ghoragachha (134 households) and 0.008 PJ (263 households) at Baikunthapur. Considering the average thermal efficiency of biogas stoves (63.5%; [47] ), the annual technical potentials are 0.003 PJ (1118 MWh) at Ghoragachha and 0.005 PJ (2316 MWh) at Baikunthapur.
Renewable Energy Technology Pre-Selection and Planning
Considerable solar and biomass resources were identified in both villages. The technical solar potential (Ghoragachha: 4150 MWh a −1 ; Baikunthapur: 880 MWh a −1 ) and bioenergy potential (Ghoragachha: 1118 MWh per year; Baikunthapur: 2316 MWh per year) could cover the total energy demand to 215% at Ghoragachha (2454 MWh a −1 ) and to 66% at Baikunthapur (4817 MWh per year).
For this reason, solar and bioenergy technologies were planned in accordance with the eight local RET sustainability criteria, the households' energy demand and locally available technology parts.
Solar-PV Systems
Three solar-PV systems were planned (Table 7) : one 500 Wp system sufficient for low household electricity demand; one 1000 Wp system covering average household demand; and one 1500 Wp system additionally enabling solar irrigation. The households remain grid-connected, but the PV systems provide a battery back-up of about 3 h per 500 Wp, increasing the reliability of electricity supply, e.g., during the monsoon period when power cuts are frequent, at reasonable costs. The farmers can transport the batteries in addition to the pump-set (at Baikunthapur already electric) to their field by freight bike. The PV panels cover a maximum roof area of 12 m 2 , available at all households visited. Total investment costs of the 1000 Wp system are as high as an average annual household income (INR 115,071 = € 1630). A substantial reduction is achievable through the JNNSMP. This subsidy covers 30% of total investment costs and allows accelerated tax depreciation [44] .
Compared to the investment costs (INR 26,000) of the 75 Wp solar systems already installed in a few households, the proposed systems would cover the entire household electricity demand, considerably reducing electricity expenditure and allowing amortisation within 9 to 12 years.
Household Biodigesters
"Deenabandhu" biodigesters, developed in India [59] , were suggested here as the most appropriate bioenergy technology. Construction materials and technology parts, as well as O&M skills, are locally available. Biodigester costs (about 9000 INR for 3 m 3 fermenter volume [45] ) can be substantially reduced to about 4000 INR through the NBMMP subsidy [43] .
Considerable amounts of agricultural residues, organic wastes, cattle manure, and human excreta are available, resulting in a potential biogas yield of 4 m 3 per day and household. This volume could replace LPG and firewood for cooking up to four times [47] . Replacing LPG would save on average 314 INR per month, eliminate the burden of traditional biofuel collection and processing, and substantially reduce indoor air pollution. The digestate could provide valuable organic fertilizer, reducing requirements and expenditure for synthetic fertilizers by up to 30% [59] . As farmers currently transport compost from their households to the fields, using digestate instead would not require any change in application.
Integrated Food and Energy Systems
The innovative terrabioponic system was constructed in collaboration with two farmers as a showcase for the focus group (see Section 3.4) to demonstrate water-efficient solar irrigation, direct nutrient recovery, and space-efficient organic crop production (Figure 8 ). In this system, plant nutrients are recovered from organic wastes in a vermicompost (bio). Leachate from the vermicompost is collected and mixed with irrigation water. Planting pods made of bamboo, sealed with plastic foil and filled with soil (terra), are connected in series with hosepipes and arranged in descending order on a staircase-like structure made of re-used wood. The organic nutrient solution is pumped to the highest point from where it flows under gravity through all planting pods (ponic), the vermicompost, and back into the water tank. Additionally, solid vermicompost is regularly applied to the pods. Investment costs for the solar parts, piping, and plastic foil were about 11,000 INR (€ 160). Other construction materials were sourced in the village free of charge. The terrabioponic food and energy system is scalable in size, independent of agricultural land and can be installed on flat roofs.
Impact Assessment and Technology Selection
The proposed RETs and the RET sustainability criteria were presented to eight farmers in a focus group at Ghoragachha and subsequently ranked by the farmers, employing the aAHP. The aAHP questionnaire was perceived as too abstract and time-consuming, despite clustered criteria. Only seven farmers completed the criteria rating, and six completed the RET ranking.
Subsequently, the aAHP questionnaire was replaced with the SMART method to increase response rate. Three (out of six) key informants from BCKV, the Block Development Officer (BDO) and the Agricultural Development Officer (ADO) of the Chakdaha Block participated in appropriate RET selection.
The farmers ranked the social RET sustainability criterion Ease of daily activities highest, followed by Governmental support and Land requirements ( Table 8 ). The impact of RET on Environmental conservation was more important to the farmers than the techno-economic factors such as Investment costs. Solar-PV for household electrification and irrigation was considered the most appropriate RET (Table 9) . However, the standard deviation is very high in both the criteria and RET ranking, revealing a strong heterogeneity with different criteria and impacts important for individual farmers. There is no single RET option that fits each farming livelihood. Thus, the aAHP ranking of each farmer should be considered on an individual basis to determine the most appropriate RET at household level. Table 8 . RET selection criteria ranked by farmers (n = 7) based on the Analytical Hierarchy Process with criteria clusters (adapted from [37] ) (STD = standard deviation).
Rank
Selection Criteria Averaged Rating STD Table 9 . RE systems ranked by farmers (n = 6) based on the Analytical Hierarchy Process with criteria clusters (adapted from [37] ) (STD = standard deviation). By contrast, key informants rated techno-economic and institutional selection criteria as more important than social and environmental criteria (Table 10) . Their criteria ranking is more homogenous than the farmers' ranking. The solar-PV system and the integrated food and energy system were ranked highest (Table 11 ). However, the high standard deviation of the RE systems ranking again reveals individual preferences of the key informants for a particular RE. Table 10 . RET selection criteria ranked by key informants (n = 5) based on the Simple Multi-Attribute Rating Technique (adapted from [38] ) (STD = standard deviation).
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Discussion
Selection Factors-Whose Perspective Counts
There were distinct differences between smallholder farmers and key informants in the factors considered important for locally appropriate RET. Farmers evaluated new technologies and practices based on (holistic) daily-life experience, and beneficial impacts on local climatic conditions, soil fertility, fluctuations in market prices for agricultural in-and outputs, and fossil fuel prices. Their interest in RET was aroused when strategies on 'how to best cope with current agricultural issues' became apparent. For example, once they became aware of the benefits associated with a biodigester (replacement of LPG and traditional biofuels, use of organic fertilizer to increase soil fertility) and the possibility of using agricultural residues and organic waste as feedstock in addition to manure, farmers asked for technical details and related costs.
In contrast, key informants primarily emphasised technical, financial, and institutional factors for RET selection. Similar results were recently published by [60] , who evaluated 28 barriers to RET adoption in India. Eight experts from academia and industry ranked institutional support and local resource availability highest, followed by technical complexity and financial factors. Socio-cultural and personal behavioural factors were found in the lower half of the ranking.
With decentralized RE in particular, where energy consumers become energy producers, the social and behavioural dimension is crucial for energy choices. As [19] (p. 1391) points out, "Consumers are far from the purely rational decision-makers assumed by traditional economic models, and there is often a wide gap between peoples' values and material interests, and their actual behaviour". This study provides in depth insights into the livelihoods of smallholders in two rural villages. The selected RET are appropriate in this socio-cultural and institutional context as well as considering locally available natural resources. Although the two rural villages investigated here may not be representative, and implementation and operation of the RET in the long term was beyond the scope of this study, the results presented here emphasise the importance of a participatory, bottom-up approach in RET selection and planning that involves intended users from the beginning. Broadening the perspective of rural development experts, politicians, and private-sector partners is deemed essential. This enables them to understand the daily challenges of intended RE producers and users, evaluate the impacts of RETs and thus ensure local appropriateness. The example of the biodigesters abandoned due to the lack of cattle manure illustrates the importance of a participatory bottom-up assessment of the local context. This should be based on mutual learning between intended users and experts, prior to the implementation of RETs.
How can the Transition towards Modern and Clean Energy in Smallholder Farming Systems in West Bengal be Promoted?
To date, about 90% of households in West Bengal use traditional biofuels for cooking ([8] , this study). Biofuel consumption of households researched in this study (366 kg per month) is 36% higher than the Indian average (234 kg per month) [61] . About one-third of the households interviewed refuse to change current energy sources, with some even shifting back from LPG and electricity to traditional biofuels. Reasons stated include: unreliability of electricity supply; better taste of food cooked on chulhas; and the expense of electricity and LPG compared to traditional biofuels freely available on-farm. Throughout India, availability, affordability, and reliability of modern energy sources determine the substitution of traditional biofuels [8] .
The majority of households in the researched villages however are gradually shifting towards LPG and electricity, few are leapfrogging to solar-PV and biogas. The major driver for this energy transition is the pursuit of a modern lifestyle associated with ease of daily-life activities. Modern electronic devices have found their way into rural households. Smartphones and laptops have become crucial for higher education-more and more farmers' children attend universities-and predominate leisure activities of the younger generation. This highlights the importance of access to electricity in rural areas.
Traditional gender roles in the Muslim (Ghoragachha) and the Hindu (Baikunthapur) culture affect the shift in cooking energy. The oldest male household member is typically responsible for decision making. Cooking is the obligation of women. Those women interviewed (would) appreciate LPG, because it means no biofuel collection, processing, and storage, shorter cooking time, no indoor-air pollution, and no blackening of the household interior. However, it was not possible to obtain reliable information, as only three women were allowed by their husbands to participate in the interviews with the male researcher (although assisted by a female research assistant)-and only in presence of their husbands.
Rising fossil fuel prices [42] and increasing awareness of the need for environmental conservation are initiating the transition towards RE in the researched villages.
Of the RET proposed, farmers and key informants rated solar-PV systems as most appropriate. According to [62] , solar-PV is regarded the most promising RET in India, as grid electrification of rural villages is often not techno-economically viable. It is predicted that the gap between electricity supply and demand will increase in the near future, accelerating the implementation of decentralized PV systems. Land scarcity restricts solar-PV to small units [62] , thus favouring smallholder farming households. The authors of [8] reported considerably high acceptance rates for decentralized solar-PV in their representative study: 34% of the 8566 rural households surveyed prefer micro-grids to grid electricity, and 79% expressed great interest in solar lanterns for lighting. In our study, reliability and sufficiency of electricity supply were also found to be crucial drivers for solar-PV. Sufficient electricity supply requires larger systems than the 75 Wp systems already implemented in the researched villages. In this case, a grid-connected 1 kWp solar-PV system with a battery back-up is recommended for an average smallholder farmer to provide sufficient and reliable electricity. Larger PV systems, like the proposed 1.5 kWp, can provide additional power for irrigation pumps, enabling farmers to cope with changing climatic conditions. Farmers using biodigesters considered the production of organic fertilizer an immense benefit. More efficient utilisation of organic residues and waste would provide a solution to the constraint of insufficient cattle manure for an adequate biogas supply, thereby increasing overall farm efficiency. Biodigestion is vital for biomass recycling (water, carbon, and nutrients) within an agricultural system and a crucial element in the integrated livestock-biogas-vegetable/fruit systems in neighbouring China [63] .
This study introduced an innovative integrated food and energy system, in addition to "conventional" RET, combining solar energy with efficient, sub-surface irrigation and effective utilisation of organic residues and waste, in line with the current shift towards organic farming. Almost all farms in the researched villages have home gardens with organic vegetables and fruit for self-consumption. The BDO of Chakdaha, who has an organic garden himself, reported that farmers are aware of the negative effects of pesticides and chemical fertilizers on product quality and soil fertility (personal communication, 27 February 2015) . Three farmers interviewed are planning to shift to organic farming with the aim of improving soil fertility, reducing chemical fertilizer and pesticide application (and associated expenditure), achieving higher market prices, and conserving agro-biodiversity. Given the growing demand for organic produce in India and internationally, organic farming provides a lucrative option for smallholder farmers [64] . Recent infrastructure development has increased the marketing radius of agricultural products for the farmers of the two villages. In addition to rural markets, paved roads now enable these farmers to sell their produce on the peri-urban and urban market of Kolkata [23] . The combination of solar-electricity generation and cultivation of organic produce based on local renewable resources represents a promising step towards environmentally sound smallholder food and RE production, independent of fossil fuels.
On the one hand, the Indian government encourages the transition towards sustainable and clean energy through various RE support schemes. On the other hand, it subsidises LPG and diesel and promotes investments in rural grid expansion [6] . Government support is available for RE implementation and financing. The JNNSMP covers about half the investment costs for solar-PV systems, and the NBMMP funds specific materials (pipes, valves, and biogas stoves) and the construction of biodigesters [43, 44] . Both programmes are public-private partnerships. Installation is carried out by private, government-accredited RE companies. However, substantial investment from smallholders is still required, often restricting access to these programmes to financially better-off farmers [65] . The solar-PV systems (farmers' first choice) are much more expensive (€ 507-1180) than a biodigester (€ 127). Solar systems can reduce annual energy expenditure by 84 € (compared to grid electricity), and biodigesters reduce annual expenditure by 53 € (compared to LPG). This results in rapid amortisation of a biodigester (about 2.4 years), but a considerably longer pay-off period for solar-PV systems (9.3 to 11.9 years). Hence, biodigesters would be affordable for a larger numbers of farmers in the short term and could accelerate the transition from LPG to biogas. Those smallholders considering abolishing traditional biofuels may leapfrog directly to biogas. The transition from grid electricity to solar PV is likely to take time, despite the majority of farmers' interest in this RET and their eagerness to implement solar panels to increase household electricity reliability. The reduction in cost of solar panels predicted by [66] of up to 59% by 2025 would considerably increase their affordability for smallholder farming households and may greatly stimulate solar-PV implementation in the near future.
Conclusions
Villages in the research area are experiencing considerable changes with regard to weather conditions, declining soil fertility, and price increases for agricultural inputs and energy, forcing farmers to adapt their agricultural production systems. Additionally, farming households seek a modern lifestyle. The younger generation has access to higher education and utilises modern communication and information tools, while women long for clean cooking fuels. These trends have direct implications for RE, including climate change mitigation, digestate as organic fertilizer, adaptation of organic farming, reduced energy expenditure, and access to modern and clean energy, and thus motivate the farming households in a variety of ways to use and produce RE. Few interviewed farmers already implemented mini solar-PV systems, biodigesters, or both, supported by government initiatives. However, the technologies advocated are not satisfying the farmers' energy demand: 75 Wp solar-PV systems are small and comparably expensive and the biodigesters do not utilize their full potential, as the farmers were advised by the implementing agency to use cattle manure only.
Notwithstanding, government support is crucial for the implementation of RET in India, as highlighted by the interviewed smallholders and the key-informants in the ranking of RET selection factors. However, development initiatives and policies are centrally planned and trickle through from country to state to district to block level in top-down manner while not sufficiently taking local conditions (e.g., renewable resource availability) and farmers' perspective into account.
The bottom-up exploration of smallholder livelihoods and available renewable resources on local level could render the design of RE support policies by providing the missing link between: (i) the policy landscape conducive for RE development, recently underpinned by the Intended Nationally Determined Contribution (INDC) submitted to the UNFCCC; (ii) the motivation of smallholder farmers to use and produce RE; and (iii) the already existing decentralized, state-led development agencies (Block Development Offices) to substantially expand RE generation in India, while supporting millions of smallholder farmers in utilising local resources more effectively, protecting the environment and pursuing for a modern lifestyle. 
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